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Etemad, within the Flight Technology Section, Dr. C. R. Faulders, Manager, of
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Mr. W. L. Grantham was the NASA Technical Monitor responsible for this
study.
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ABSTRACT

Theoretical flow fields for seven flight conditions for the RAM=C blunted
cone configuration are presented. Both viscous and inviscid flow regions are
considered in an analysis leading to predictions of nonequilibrium chemical
effects within the entire flow field. Speclal emphasis is placed on the pre-
sence of free electron concentrations which are responsible for the phenomena
of radio attenuation. The flight investigation of these effects is the pur-
pose of the RAM Project. Noneqilibrium flow is predicted by using a one-
dimensional analysis along streamlines both in the boundary layer region and
in the inviscid flow region. For two of the flight conditions, calculations
were performed to evaluate the influence of a larger nose radius on the flow
field. This change in geometry occurs when the beryllium nosecap is ejected.
Very small plottable differences were found on outer streamlines for the
lower speed flight condition when comparisons were made on similarly located
normals.
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THEORETICAL FLOW FIELD CALCULATIONS
FOR PROJECT RAM

By H. Webb, Jr., H. Dresser, K. Korkan, and R. Raparelli
SUMMARY

The results of a theoretical prediction of equilibrium and chemical non-
equilibrium flow fields for seven flight conditions‘and two nose radii of the
RAM-C vehicle are presented. The RAM-C configuration is a hemispherically
blunted, 9° semi-apex angle cone at zero angle of attack. The surface was as-
sumed to be nonablating and at a constant wall temperature of 700°K. A set of
computer programs was used to perform the analysis starting with a prediction
of the wall pressure distribution. Following an analysis of the equilibrium
laminar boundary layer and the definition of an effective body shape, the
equilibrium inviscid flow was computed by a solution of the blunt body problem
and a prediction of the supersonic flow field by the method of characteristics,
Boundary layer displacement thickness effects were accounted for in this cal-
culation. The assumption was made that the streamline pattern, pressure dis-
tribution, and shock shape were unaltered by chemical nonequilibrium effects
and that the nonequilibrium composition could be computed by a simple one-
dimensional analysis along streamlines by matching suitably chosen parameters.
These streamlines were defined in the boundary layer using the principle of
mass flow conservation, while the matching parameters were defined by a pro-
perties merger between inviscid and boundary layer values. Vorticity interac-
tion effects were thus accounted for by defining a smooth variation of proper-
ties across the shock layer., Final results presented in this report show the
variation across the shock layer, on normals to the body, of species composi-
tion, pressure, temperature, and flow velocity. Both equilibrium and non-
equilibrium data are presented.

INTRODUCTION

The NASA Langley Research Center has for several years been conducting a
series of flight experiments referred to as Project RAM (Radio Attenuation
Measurements). The purpose of these tests is to study the interactions which
take place between electromagnetic signals and the ionized flow field over
entry vehicles, and to develop methods of alleviating or eliminating the so-
called '"blackout" or attenuation of radio signals. Several flight tests al-
ready have been conducted in this series, and the current effort involves the
RAM-C vehicle which is designed to enter the earth's atmosphere at a speed of
approximately 25,000 ft/sec. Of great importance to the overall project is
the state-of-the-art that exists regarding a knowledge of the processes of for-
mation of the ionized flow field. This knowledge is tested by comparison of
predicted and measured plasms properties. North American Rockwell's Space
Division has previously participated in conducting theoretical predictions of
RAM flow fields, References 1, 2 and 3, and is now participating with the



NASA/langley Research Center in a similar task for the RAM-C program. Both
equilibrium and nonequilibrium predictions are presented as an aid to the
understanding of flight measurements and to show the importance of nonequilib-
rium chemical effects. Essentially, the same technical approach was proposed
for the current study as was used on the two previously completed contracts.
The flight conditions to be considered cover a large range of both altitude
and velocity. This analysis assumes that nonequilibrium chemical effects do
not alter the shock shape, streamline pattern, or pressure distribution, and
that nonequilibrium effects on flow properties and composition may be computed
throughout the viscous and inviscid flow by a simple one~dimensional "stream—
tube analysis" which neglects diffusion effects.

SYMBOLS
a speed of sound
A streamtube area
Cp specific heat at constant pressure
D nose diameter
I-4 gravitational constant
h static enthalpy
H total enthalpy
J dimensional flow indicator { 0 - two-dimensional
1l - axisymmetric
J mechanical equivalent of heat
Kp backward chemical rate constant
KEQ : chemical equilibrium constant
Ke forward chemical rate constant
m mass flow
M Mach number
n intrinsic normal coordinate; chemical specie mole~to-mass ratio;
distance outward along body normal
N1 total number of chemical species
N2 total number of chemical reactions



]

pressure
radial body coordinate
universal gas constant
radius of curvature
shock radius

Reynolds number

streamline intrinsic coordinate, distance along body surface

from stagnation point

entropy

time

temperature

total velocity

chemical specie molecular weight
chemical mole fraction, axial coordinate
axial distance downstream from stagnation point
compressibility factor, altitude

forward stoichiometric coefficient
backward stoichiometric coefficient
specific heat-ratio

effective specific heat ratio

boundary layer thickness

boundary layer displacement thlckness
streamtube width

velocity defect W, -,

flow angle; body surface slope

Mach angle

density



Subscripts

@

e

free-stream conditions

edge of boundary layer
stagnation conditions
subscript denoting species
inviscid

subscript denoting reactions
viscous

measured in x-direction
maximum value

wall or body conditions
outboard streamline designation

inboard streamline designation



DISCUSSION OF METHODS

General

The basic technical approach, used previously in References 1, 2 and 3,
is to compute detailed equilibrium chemistry flow fields over the RAM-C shape,
followed by a one-dimensional computation of the nonequilibrium chemistry
along particular streamlines selected from the equilibrium solutions. It is
assumed that the shock shape, standoff distance, pressure distributions and
streamline locations in the flow field are unaffected by the nonequilibrium
chemistry effects.

The analysis is divided into a series of individual calculations which
are performed in a sequence shown graphically in Figure 1. All calculations
are performed by means of IBM computer programs, with the exception of the
frozen chemistry shock property calculations, and the selection of boundary
layer streamlines and matching properties which are required for the non-
equilibrium analysis. The first step, leading to the definition of an effec-
tive body shape for the inviscid flow prediction, is to estimate the body
pressure distribution. A laminar boundary layer growth calculation is then
performed from which the displacement thickness distribution is obtained. By
adding the displacement thickness to the bare bedy, an effective body shape is
found and an improved pressure distribution prediction is made. If this pres-
sure distribution is significantly different from the initial estimate, the
procedure is repeated until acceptable convergence is obtained. Using the
effective body shape, the subsonic—transonic flow field is computed and a
left-running characteristic (start line) is located in the transonic region.
The supersonic inviscid flow is then computed by the method of characteristics
using properties on this start line for initial conditions. At this point the
computed pressure distribution on the body is compared to that used in the
boundary layer calculations., If reasonable agreement is not found, the bound-
ary layer analysis and inviscid flow calculations are repeated until accept-
able convergence is obtained.

Using mass flow conservation, boundary layer streamlines are defined and
the properties of temperature and velocity are merged between the viscous and
inviscid solutions. Egquilibrium species composition is then determined by
use of a minimization of free-energy calculation. The results of this equi-
librium calculation are presented herein for the four most forward normals
shown in Figure 2.

The nonequilibrium analysis is performed along a set of about 10 stream-
lines for each flow field. These streamlines are located in both the boundary
layer and inviscid regions, and include the special case of the stagnation
streamline. Different versions of the one-dimensional nonequilibrium computer
program are used for each class of streamline. Pressure is used as a match-
ing parameter for the inviscid streamlines while velocity is selected as the
matching parameter on the stagnation streamline. Three parameters, pressure,
streamtube area for unit mass flow, and velocity, are matched on streamlines
in the boundary layer. The matching parameters of velocity and streamtube
area in the boundary layer are found by merging the boundary layer properties



of velocity and density-velocity product into the nonequilibrium inviseid
values at the outer edge. A smooth variation of all propertlies and species
concentrations across the shock layer 1s thus obtained. The details of these
steps will be described in the following discussion,

The RAM-C vehicle 1s a spherically~blunted, nine-degree, semi-apex angle
cone at zero angle of attack. The vehicle geometry, coordinate system, and
normal locations are presented in Figure 2. Flight conditions and free stream
properties, selected from the 1962 ARDC Standard Atmosphere, Reference L, are
presented in Table 1. This selection was made following a review of the data
presented in Reference 5 for the altitudes of interest for the Fall months at
30°N latitude which is representative of Bermuda Is. near the planned impact
point. The data shows that the 1962 Standard Atmosphere is a good represent-
ation, to within 5-10%, of the expected mean conditions. In view of the
expected dally fluctuations, this is considered to be sufficiently accurate.

Estimated Body Pressure Distributions

It was found on the previous RAM-B3 flow field prediction study, Reference
2, that the pressure distribution over the spherically blunted nose was ac-
curately predicted by a combination of modified Newtonian theory and a Prandtl-
Meyer expansion matched at the point of equal pressure gradient., This method
was adopted for the present investigation. The pressure distribution down-
stream of the nose was obtained by correlating the RAM-B3 remults using the
parameters suggested by Cheng's hypersonic blunt body analysis, Reference 6.
This correlation 1s shown in Figure 3 and was used in this study with a local
value of © (body surface slope) determined by the effective body.

Boundary Layer Analysis

The objectives of the boundary layer analysls are two-fold. First, the
displacement thickness distribution over the body is required to proceed with
the inviscid analysis. Secondly, the property distributions across the bound-
ary layer are requlred to define boundary layer streamlines and matching pro-
perties for the nonequilibrium analysis.

The combined integral-similarity boundary layer program, Reference 7,
used for previous RAM studies, was also utilized in this study. This program
has been found to produce results for the RAM configuration that are in good
agreement with results obtained with a more exact finite-difference program.
In essence, the method assumes locally similar profiles with the absolute
thickness being determined by satisfying the momentum integral equation. The
program starts at the stagnation point and uses an estimated body pressure
distribution and entropy distribution at the outer edge of the boundary layer.
It determines S, P , 8, and the state and thermodynamic profiles in the bound-

ary layer.
It was originally planned to permit the edge entropy to vary with dis-

tance along the body with the local entropy being determined by the streamline
entering the outer edge of the boundary layer at each location. A more



e ‘

i

thorough assessment of this procedure has shown that the simpler approach of
using a constant edge entropy, evaluated at the stagnation point of an invis-
cid analysis, permits a more reliable property merger to be performed. A
small effect of variable edge entropy on boundary layer thickness is neglected
by this approach. The continuum boundary layer analysis is based on classical
theory in which the boundary layer is assumed thin in comparison with the body
radii of curvature in both the transverse and longitudinal directions. The
theory also assumes zero property gradients (vorticity) in the normal direc-
tion at the outer edge. There currently exists an absence of exact techniques
ard computer programs to handle these factors in addition to the strong rdre-
faction effects present in the current study for the highest altitude cases.
The vorticity can be best accounted for by a merger procedure accounting for
the vorticity interactions discussed in Reference 8. Thus, using the velocity
profile as an example, the situation is seen below.

| /
n
)
Boundary layer
Solution
Au Inviscid Solution
" Merged Profile
/|
Au s*

—

u
By using the same velocity defect au = uy, - u, for the boundary layer

analysis and the merged profile at the same height, n , the velocity dis-
tributions merge together at the height % , which is usually a small
fraction of the total boundary layer height § . If the entropy, and hence
local flow velocity, were evaluated at the outer edge of the boundary layer
and the merger was performed using this procedure, then the merger would
result in obviously unacceptable negative values of velocity near the wall.

It was judged that the best procedure would be to merge using the same defect
velocity at heights having the same mass flows. Since results showed that
mass flow is nearly linear with n beyond n/§ = .3 to s the procedure
was approximated by merging at the same helght rather than at the same mass
flow. The error introduced in the high altitude cases from this source is
less than that incurred by using classical boundary layer theory rather than
solving the Navier-Stokes equations for the entire shock layer. For those
cases where the boundary layer is truly thin compared to the shock layer thick-
ness, the amount of merging of the properties is so small as to make the error
negligible.

The initial boundary layer calculation for each case used the bare body



with no allowance for displacement thickness. The displacement thickness from
this boundary layer calculation was then used to define an effective body shape
for which a revised pressure distribution was predicted from the correlated
RAM~B3 results. The displacement thickness was found to alter the effective
body surface slopes,and hence the body pressure distribution, appreciably only
for Cases 5, 6, and 7. Consequently, for these cases the boundary layer com-
putation was redone. The effective body surface slopes resulting from the
second calculation were sufficiently close to those of the previous calculation
to be acceptably accurate. The boundary layer displacement thickness distri-
butions for Cases 1-7 are shown in Figure L.

For Cases 8 and 9, it has been assumed that the boundary layer thicknes-
ses, nondimensionalized by the nose radius, are the same as for Cases 2 and
3, respectively. The absolute boundary layer thicknesses for Cases 2 and 3
are very small, indicating no measurable change in effective body surface
slope compared to the bare body. The well-known laminar boundary layer scal-

ing rule

8§ ~—— (1)

v Rex

shows that with essentially identical local flow properties at the outer edge
of the boundary layer, the nondimensionalized boundary layer thickness at the
same X/D will be 2.7% less for Cases 8 and 9 than for Cases 2 and 3, respec-
tively. With the same edge and wall properties, the property changes within
the boundary layer for Cases 8 and 9 will be between 0~2.7% and can be assumed
negligible in comparison with the possibly large effect of a scale change on
nonequilibrium chemical rate effects.

In contrast to previous RAM studies the actual displacement thickness
variation over the body was used for the effective body shape in the method-
of-characteristics solution. For the subsonic-transonic solution the effec-
tive body was approximated by a spherical shape which included allowance for
a mean displacement thickness.

Blunt Body Flow Field

The method used in computing the transonic flow field is based on the
concept of mass flow conservation (Reference 9). This method is related to
other direct methods in that the free-stream conditions and body shape are
known; and the flow field, shock wave shape, and streamline locations are
obtained as a solution. The three equations of conservation are solved as a
function of the streamtube cross section. As a result, the streamlines are a
direct outgrowth of the soluticn, A high level of accuracy is required in the
input data, as in most other methods of solving the transoniec flow field, to
avoid instabilities in the numerical solution. Recent IBM system changes
have made it necessary to modify the computer program used for the previous
RAM studies, Reference 9, to maintain satisfactory accuracy. The major change
is that all calculations are now performed in double precision accuracy in a
program written for the IBM 360, The method requires, in addition to the
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flight conditions and the body shape, a preliminary estimate of the body pres-
sure and shock shape. Although this method normally requires iteration on
input data so as to satisfy the Rankine-Hugoniot shock relationships, the
initial choices of body pressure distribution and shock shape obtained from
the data correlations of Reference 10 were deemed sufficiently accurate that
iterative calculations were not needed. Sample output data for Case 1 are
presented in Figures 5-9. Figure 5 shows the CRT (cathode ray tube) plot of
the streamline pattern. Figure 6 shows an enlarged plot of data near the
start line (left-running characteristic) where the method-of-characteristics
solution was initiated. The automatic output of property variations on the
start line is illustrated by the data plotted in Figures 7, 8, and 9.

The solution near the stagnation point cannot be determined accurately
by this flow field method, since the calculated pressure gradient depends on
the streamline curvature and becomes unusable near the stagnation point where
the flow radius of curvature becomes infinitely small. The method used to
obtain the stagnation line flow properties is discussed in the section on
Matching Parameters.

Theoretical Development. ~ The equations of conservation, when applied to
the flow field under analysis, are used in the following forms:

Continuity Equation:

The usual form of the equation of continuity
v-(pd) = 0 (2)

is expressed along a streamtube for the axisymmetrical case as,

2 2
TPy U (r1 - r2) = (pI,J ur g * A1 g+l uI,J+l) m(r3+ry,) An (3)
2
Momentum Equation:
The equation of momentum
_du _ 1 grad
it -5 & P (4)

when applied normals to the streamline becomes

do - p bl 99} (5)
dn I,J Rep g
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Energy Equation:

Along a streamline, the energy equation can be written as

£ =0 (6)
and, as a consequence,
2

ho+ A = H (7)

It can be seen that the three conservation equations now have assumed a very
simple form under these conditions. The Hugoniot relationships are used across
the shock to obtain the entropy for each newly computed streamline. The gen-
eral procedure for the calculation proceeds step by step, starting from the
body where geometric and fluid properties (i.e., pressure and entropy) are
known or estimated to a high degree of accuracy. The detalls of the process
are as follows:

a. At all points on the body where pressure and entropy are known
the hypothesis of thermodynamic equilibrium permits the remaining
fluid properties to be defined using available equilibrium ther-
modynamic property data for air and the energy equation. The
term Ap/ An stemming from the momentum equation (5) can then
be computed along the body knowing the body radius of curvature
at each I grid point.

10



b. The continuity equation is used to compute the normal distance
An to each point on the next outboard streamline. The geo-
metry of this streamline is defined from rg3 = r) +An cos Ow.

In the first approximation of An it is assumed that py g+3 and
ur,Jg+1 on the new streamline are the same as those on the body
at’the I point. From Equation (3) the An can then be cal-
culated; and its introduction in the momentum equation gives
PI J+1 - Pressure and entropy define a new state; and, with
the assumption of thermodynamic equilibrium, the other para-
meters required -- P71 g+1 and uy g4y for instance - are
obtained easily. Next, mean values of the flulid properties

for the streamtube, based on averaging the properties on the
inboard and outboard streamlines, are used to refine the first
approximation of An . Final properties are then determined

on the outboard streamline.

c. The determination of subsequent streamlines follows the pro-
cedures outlined above where properties on the inboard stream-
line result from the integration across the previous streamtube,

d. Once the streamline pattern is established a new shock shape
is defined from the intersections of the computed streamlines
with their homologues in front of the shock.

e. The Hugoniot relationships are used to compute the pressure
across the newly obtained shock wave and it is compared to
the pressure on the streamline at the same ordinate. If satis-
factory agreement is obtained, iterations on the shock shape
and body pressure distribution are not required.

Supersonic Inviscid Flow Field

The equilibrium supersonic inviscid flow field computations were accom-
plished by means of an IBM 360 computer program utilizing the well-known
method of characteristics. This method entails solving a system of first-
order, hyperbolic partial differential flow equations using the simplifications
made possible by recognition and use of characteristic equations. Once the
characteristic equations are available, finite difference techniques can be
applied; and the flow field problem is easily adapted to solution by means of
high-speed computers.

The basic theoretical development for the method of characteristics is
found in most texts on gasdynamics, such as Reference 8. After transforming
the three basic flow conservation relationships (mass, momentum, and energy)
from an intrinsic coordinate form into ordinary differential equations along
characteristic lines, the following equation is obtained:

dp =+ __JlEE__ de + o v’ sin © ds = o (8)

VM2 - ] VMR -1 r
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The positive sign applies to a left-running characteristic line and the nega-
tive sign to a right-running characteristic line. Since the characteristics
are Mach lines, their directions with respect to the streamline are given by
the Mach angle. In Equation (8), the symbol "j" is used to adapt the ex~
pression to either two~dimensional (J = 0) or axisymmetric (Jj = 1) flow.
In addition to the characteristic relationships along Mach lines, there is
another characteristic relationship defined along the streamline itself. This
is the streamline energy relationship. Assuming the flow to be inviscid and
adiabatic, this energy relationship implies a constant entropy along stream-
lines. These flow conditions also make available the relationship between
the flow velocity and thermodynamic state of the gas given by

2
Hy = h + % (7)

The characteristics computer program, described in Reference 11, is de-
signed to solve the supersonic flow field over convex, two-dimensional or
axisymmetric body shapes in a real gas, chemical equilibrium air media. Since
the speed of sound is needed to compute Mach number, it is convenient to intro~
duce the effective specific heat-ratio data into the program. These data are
entered in tabulated form as functions of temperature and pressure.

Starting line properties, as stated earlier, are obtained from a direct
method transonic solution. Typical distributions of properties along the
starting line are shown in Figures 7-9. The body shape downstream of the
sonic point is altered to include boundary layer displacement thickness. This
alteration to the basic body shape defines the body coordinates supplied as
input to the characteristic program. The streamline pattern determined by the
transonic solution is continued downstream by the characteristics program. In
addition to supplying the streamline pattern, the characteristic program de«
termines the shock shape and the flow properties throughout the flow field.
The method-of-characteristics solution produces complete flow field details
downstream of the starting line, both on a characteristic network and along
streamlines, As a typical example, the characteristic network for Case 1, ob-
tained from this program, is shown in Figure 10. Only left-running character-
istics are shown, and it should be noted that the cutoff at ra 1.67 does not
mean that flow field calculations stop here, but merely that the next computed
point on that characteristic lies aft of the cutoff (x = 5).

Final Boundary Layer Analysis

The use of correlated RAM-B3 conical surface pressure distributions has
resulted in agreement of final pressure distributions to within approximately
10% of the boundary layer program input data, as may be seen in the typical
results shown on Figure 11. It was observed that in iterating on the effect
of displacement thickness on boundary layer growth for the high altitude cases,
the percentage change in displacement thickness is about one-fourth the per-
centage change in pressure, while other properties in the boundary layer varied
less than pressure. On this basis, pressure deviations of about 10% were
deemed acceptable., The accuracy of the final property merger, to be discussed
subsequently, does not call for a more accurate boundary layer growth calcu-
lation than has been performed with the above procedures.,

12



Equilibrium Composition

To complete the equilibrium flow analysis, the chemical composition was
determined at a large number of points along normals 1, 4, 6, and 7 for all
cases after a merger was performed on velocity and temperature along these
normals. The defect principle explained in the Boundary Layer Analysis sec-
tion was used in performing the merger. - The inviscid pressure distributions
are smoothly varying functions and were used without change. The need for a
merger of the equilibrium boundary layer and equilibrium inviscid values of
u and T is brought about by the vorticity existing in the inviscid flow
and the resulting difference in properties and their derivatives at the edge
of the boundary layer. After defining smooth variations of p and T across
the shock layer, determination of equilibrium chemical composition was pos-
sible. The computation was performed with the aid of a Rocketdyne Division
free-energy minimization program. This program uses the method of steepest
descent to minimize the mixture free-energy to thus determine the mole-
fractions of all the high temperature air species considered in this study.

Streamline Definition

It was assumed, as in previous RAM studies, that the shock location and
shape, streamline paths, and pressure distribution are independent of chemi-
cal nonequilibrium effects. This assumption is widely used in the analysis
of nonequilibrium flows and has been substantiated in many publications, such
as Reference 12. It is obvious that the accuracy of these assumptions must be
degraded as the noneguilibrium state closely approaches frozen flow. To
first order for example, the constant density shock standoff distance for a
sphere varies inversely with the density ratio across the normal shock. This
ratio varies by a factor of about three between equilibrium and frozen flow
for Case 7. Thus the accuracy of the basic assumption of nonequilibriun in-
dependence is poorest near the stagnation region for the highest altitude
case., Conversely, the increase in shock standoff distance at high altitude is
somewhat self-compensating since the increased residence time permits reactions
to proceed further. An additional problem at these high altitudes is the very
thick viscous layer which may invalidate a boundary layer type approach. What
is required but not presently available, is a fully-coupled viscous nonequil-
ibrium flow field program. The work of McKenzie, Reference 13, offers a rapid
and simple means of scaling an equilibrium flow field for nonequilibrium ef-
fects if the change in shock standoff distance is known. Future efforts on
this problem may result in the development of some practical soclutions of an
approximate nature.

The problem at this point then is reduced to the location of streamlines
in the equilibrium flow field. By using the concept of an effective body it
has been possible to develop a good prediction of the Inviscid flow field
which is farther from the wall than the boundary layer thickness é ,

(0/ue = .99). At normal distances less than @ , the inviscid streamlines
must be displaced toward the wall to represent a real viscous flow over the
bare body. The inviscid wall streamline on the effective body surface will
be thus moved to the bare body surface in this adjustment. Other streamlines

13



within the height 6 will be moved proportionately less depending on their
proximity to the outer edge of the boundary layer. Certain selected stream-
lines within the boundary layer were located accurately at all numbered
normals (1-12) for subsequent analysis of nonequilibrium chemical effects
within the boundary layer. The streamlines were located by mass flow conser-
vation requirements as follows. The boundary layer program gives, as part of
its output, the parameter

n

/ p u dn ‘ (9)

o

=
]

For axisymmetric flow the mass flow is given by

m = 277‘/. purdn 10)

The value of r in this integral was treated as a constant since for Cases
1-3 the entire boundary layer is very thin, For Cases L4-7 the boundary layer
is thick enough that a merger of the mass flow variation between the boundary
layer and inviscid flow must be performed to develop a unique set of stream-
lines.

For Cases 1l-3 the boundary layer is so thin that several new boundary
layer streamlines must be located. However, for these same cases, all invis-
cid streamlines defined by the method-of-characteristics computer program lie
outside of the boundary layer and need no adjustment in their geometry. With
r considered constant, the following plots were prepared for these cases with

the term
-/. pudn

o

obtained directly from the printouts of the boundary layer program.

14
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The new streamlines are defined by constant values of mass flow, and the nor-
mal distances to these streamlines at all numbered normals are used to define
their geometry.

For Cases 4~7 the boundary layer mass flow, defined in the above manner,
was merged into the variation of mass flow in the inviscid solution. This
was easily done even for Cases 5, 6, and 7 where the boundary layer thickness
was predicted to be as great or greater than the shock layer thickness, since
it was always observed that the product pu essentially reached the bound-

ary layer edge value at a height n/§= .4 to .5. The following sketch shows
the form of a typical merger plot.
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Matching Parameters

In the analysis of invisecid nonequilibrium flow fields it is necessary
to use a flow field property obtained from an equilibrium flow field solution,
This property is commonly referred to as a "matching parameter" and is selec-
ted on the basis of its relative invariance with the introduction of nonequi-
librium effects. References 14 and 15 substantiate the use of pressure as a
matching parameter for most inviseid, nonequilibrium one-dimensional stream-
tube studies. However, velocity was found to be a more suitable parameter on
the stagnation streamline because of its more accurately known variation
across the shock layer. In performing the analysis of the viscous flow field,
streamtube area and velocity in addition to the pressure were matched to their
equilibrium flow field counterparts, leaving only the chemistry to be inte~
grated in the analysis. Throughout the nonequilibrium analysis, streamline
geometry and shock location were assumed to remain identical to the equilib-
rium flow field results.

The inviscid, equilibrium pressure matching parameter distribution was
obtained with the streamline-curvature method patterned after Gravalos
(Reference 9) in the transonic region of flow and with the method of charac-
teristics in the region of supersonic flow. Since the Gravalos method is not
applicable in the stagnation region, engineering estimates of the property
variations based on the results presented in Reference 10 were used to arrive
at matching parameter distributions in this region and along the stagnation
streamline. Data presented in Reference 10 indicates that the velocity dis-
tribution along the stagnation streamline can be accurately approximated by
a linear distribution with negligible error in the computed pressure distri-
bution. Frozen oblique shock calculations were used to obtain initial con-
ditions on streamlines downstream of the shock and the frozen pressure value
was merged into the equilibrium pressure matching distribution over a short
region behind the shock, The frozen shock properties were based on immediate
equilibration of the translational, rotational, vibrational, and electronic
energy modes behind the shock and a frozen chemical composition equal to that

in the free-stream.

In the inviseid flow region only one matching parameter distribution is
required in the nonequilibrium analysis. It is appropriate to discuss at
this point the matching parameters used in the nonequilibrium boundary layer
analysis. Pressures are again obtained directly from the inviscid flow field
results, The one-~dimensional energy and momentum equations used in the
pressure-matching version (inviscid version) of the nonequilibrium reacting
gas computer program are valid only in inviscid flow, since viscous stresses
and heat conduction invalidate such an approach in the boundary layer. This
requires replacing the energy and momentum equations by known distributions
of two additional matching parameters (velocity and streamtube area). The
boundary layer nonequilibrium analysis thus is reduced to the calculation of
chemical reactions along streamlines, while satisfying continuity and the

equation of state.

The velocity and streamtube area matching parameter distributions were
obtained from streamline crossplots of merged inviscid nonequilibrium data,
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when available, and equilibrium boundary layer data as specified along normals.
One further requirement in the merging of properties along normals was the use
of frozen properties at the shock. In Cases 5, 6, and 7 where no inviscid
nonequilibrium results were obtained because of the extreme boundary layer
thickness, equilibrium boundary layer properties were merged directly into the
frozen shock properties using the lower altitude cases as a guide to the pro-
files. The merging of data along normals where nonequilibrium inviscid re-
sults were available was performed primarily by means of the defect principle
previously discussed in the Boundary Tayer section of this report. Where the
defect principle was not completely applicable, judicious fairing using
engineering judgement was employed to merge the data. The merger was employed
for u and pu, the latter quantity defining streamtube area according to
the unit mass flow relationship

A = L (11)
pu

This merger procedure is consistent with the equilibrium boundary layer analy-
sis in regions of near equilibrium flow, and provides a reasonable boundary
layer distribution in nonequilibrium or frozen flow regions. A schematic of

a typical merger plot is shown below.
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Typical matching parameter distributions for pressure, velocity, and
streamtube area are shown in Figures 12, 13, and 14, respectively, for the
boundary layer Streamlines 74, 75, 80, 85, and a segment of Streamline 2 for
Case 3. The remaining portion of Streamline 2, not shown in the figures,
lies in the inviseid flow region.

Nonequilibrium Chemistry Analysis

The analysis of flow fields with nonequilibrium chemistry involves
coupling the chemical rate equations for the formation and destruction of
chemical species with the fluid dynamic equations describing the flowing media.
The media in this analysis is air, and the fluid dynamlic relations are the
conservation equations for one-dimensional flow. The coupling is achieved
through modifications to the energy and state equations, causing them to re-
flect the contributive effects of each specie considered in the chemical
model. The details of this method are described in the following paragraphs.

Basic Equations. - Nonequilibrium flows may be described by a set of
fluid flow relationships, i.e., the one-dimensional flow equations for mass,
momentum, and energy conservation; thermodynamic relationships in the form of
the state equation and definition of enthalpy; and a set of chemical rate
expressions. Basing the analysis on inviscid, one-dimensional flow along
streamlines, the conservation equations assume the following form:

ia_+-d_1l+LA=

r: 5 A 0 (12)

dp o _ pu du ;

ds ds (13)
2

h+_‘2£_=Ho (7)

The thermodynamic equations, represented by the equation of state and the
definition for enthalpy, must include the contributive effects of each chemi-
cal specie. The equations illustrate this point.

N1
p=PRTZ ny ()
i=1
N1
h = Z ny wy hy (15)
i=1
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Finally, the chemical rate for the 1i'th specie is obtained from the follow—
ing expression:

N2 N1 aj,k
T Y (- ag [xe, [ Conp
k=1 J=1
(16)
N1 Bj,x
- Koy Z (pny) ]
=1

The subscript j applies to the particular species participating in the k
particular reactions. This equation is derived from basic kinetic theory
(References 16 and 17) and summarizes the effective influence of a particular
specie in the chemical reactions comprising the chemical model. The forward
and reverse reaction rate constants, ka and Kbk , in the chemical analysis
are related to one another through the chemical equilibrium constant by the
following relationship:

Ke
KEQk = '}-{—];( (17)
bk

These are the basic equations to be solved in a nonequilibrium flow analysis,

and it is a simple matter to combine them into a form that will follow a pre-

scribed streamline path. The coupling equations for the change in temperature
with distance using pressure and velocity as matching parameters are presented
below:

Pressure Match:

. N1
1l dp N
P s 1 1 ds
dT _ = (18a )
ds N1
Z Cpi ng
i=1
Velocity Match: N1
"'( u du + wi hj d_ni)
dT _ ds = d s
ds

(18v)
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The detailed derivations of these coupling equations are presented in Refer-
ence 18, In addition to the coupling equation above, chemical rate equations
and the momentum equation must be solved for each integrated interval along

the streamline path.

The first step in the nonequilibrium solution using the pressure match
version as an example, is the evaluation of the chemical rate for each specie.
This depends only on known conditions at the beginning of the integration in-
terval. These rates, along with the local slope of the matching parameter
curve (i.e. dp/ ds), are sufficient to evaluate the coupling equation for
dT/ds. The quantity du/ds is obtained from the momentum equation and the
argument dp/ds. These three differential equations, after evaluation, are
integrated over an interval of streamline path to give temperature, velocity,
and the chemical composition at some new downstream point. The value of pres-
sure at this new point is determined from the matching parameter curve. Den-
sity and streamtube area are obtained from the equation of state and the mass
congservation equation, respectively. This completes the calculation of a new
downstream point, and the procedure is repeated for each of the subsequent

downstream points.

A special version of the calculation procedure is used to study nonequi-
librium chemistry effects in the boundary layer. This version simultaneously
matches pressure, velocity, and streamtube area along streamlines. In using
all three of these properties as matching parameters, it is no longer neces~
sary to integrate the coupled flow equation and the momentum equation, but
only the chemical rate equations. The procedure followed in the boundary
layer version consists of evaluating the chemical rate equations at a known
point and then integrating to find the chemistry at the new downstream point.
The pressure, velocity, and streamtube area at the new point are obtained
from tabulated values of the matching parameter distribution. Density at the
new point is determined from the mass conservation equation and used in the
state equation to determine temperature. The cycle is then repeated for each

new integration interval.

Noneguilibrium Reacting Gas Program. - The IBM 7090/709.L nonequilibrium
computer program is described in detail in Reference 18. It requires a com-
plete knowledge of all of the fluid and chemical properties at a starting
point. This point generally is chosen immediately downstream of the shock,
assuming no dissociation of the free-stream air but complete relaxation of the
translational, rotational, vibrational, and electronic modes of excitation.
Coordinates of the streamline path and a description of the matching parameter
along this path must be specified as program input information, in addition to
starting point properties. The differential equations are integrated with a
fourth-order Runge-Kutta scheme modified for a Gill-type correction(Referencel9).

The program has a bullt-in provision for altering integration step size.
Step size must be small in regions where the flow is near equilibrium, since
there is a tendency for the integration of the chemical rate equations to
become unstable. This is due to the extreme sensitivity of the rates to
slight changes in the local chemical composition. Conversely, if the program
is operating in a region of the flow field where the rates are insensitive to
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changes in chemical composition (as in the case of frozen chemistry flow),
integration step size is increased to minimize program running time.

The results of this computer program compare very well with theoretical
results obtained by Vincenti (References 20 and 21) for nozzle flow in a
spark-heated facility.

BASIC DATA

Thermodynamic and Transport Properties

Referring to Figure 1 to identify the computer programs and hand calcu-
lations, the following computer programs utilize analytic equations of state
for equilibrium air presented in Reference 22, and the effective specific heat
ratios presented in Reference 23.

Oblique Shock Property Program

Modified Newtonian-Prandtl/Meyer Program
Laminar Boundary Layer Program
Subsonic-Transonic Flow Program
Method-of-Characteristics Program

The Grabau procedure has been programmed as a subroutine. It evaluates three
thermodynamic functions, H;f/p', S/R , and Z for equilibrium air using p
and p as arguments. p' and p' are nondimensionalized quantities in terms
of reference conditions at 1 atmosphere of pressure and 273°K temperature,
The subroutine is designed to cover the thermodynamic regime bounded by the
temperature range of 200°K to 15,000°K, and the density range of 10-6 to 102
relative atmospheres. The program was designed to duplicate, with an average
error of 1 percent or less, the data of Reference 24. The specific heat ra-
tio data of Hansen is also programmed as a subroutine in a table lookup with
inputs of pressure and temperature. It is called for in calculations involv-
ing speed of sound and/or Mach number.

The thermodynamic properties of enthalpy and specific heat at constant
pressure are determined from statistical mechanics and results of experimental
spectroscopy, and are entered into all versions of the nonequilibrium program
in tabulated form as a function of temperature. These properties are obtained
from the high temperature air properties program described in Reference 25,
The basic assumptions and method for solving the partition functions are dis-
cussed thoroughly in References 1 and 25. These data were also used in the
hand calculation of properties behind the shock with a frozen chemistry. :The
free~-energy minimization program uses thermodynamic data computed by essen-
tially the same approach as in Reference 25. Details of the program and pro-
cedures are given in References 26 and 27. As noted in Reference 3, compara-—
tive results of equilibrium electron densities predicted by the free-energy
program with data from Reference 28 showed excellent agreement.

The calculations performed by the laminar boundary layer program are the
only calculations which involve transport properties. The analysis assumes
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that both Lewls number and Prandtl number are unity. It also assumes a coef-
ficient of viscosity which is linearly proportional to temperature and matched
to the Sutherland value at the wall (assumed to be 700°K throughout this study).

Chemical Kineties

The chemical model used in the nonequilibrium reacting gas computer pro-
gram (Reference 18) is depicted in Table 2 and consists of eleven reactions
involving the following twelve chemical species:

N2, N, 0, O, NO, N0+, e, N2+, 02+9 N+, o, and 4

In the computer program, the nitrogen dissociation reaction is listed as two
gseparate reactions; since two forms of the rate constant expression are needed,
depending on the third body participating in the reaction. Catalytic efficien-
cies are presented in Table 2 for Reactions 1 through 3. The specie argon

(A) is used as a reference point for assigning values of catalytic efficiency
to each of the species in the chemical model. For example, in Reaction 1 of
Table 2, the species A, N, N+, NO, and NOT all possess catalytic ef-
ficiencies of two, etec. Reactions 1 through 3 actually represent a series of
reactions, since the symbol M can represent any of the catalytic species
listed in the table exclusive of electrons. The catalytic efficiencies allow
this series of reactions to be grouped into a single reaction, since they
differ only in the sense that the rate constants are simple multiples of one
another. The basic reaction rate data used in the program are obtained from

References 29 and 30.

Equilibrium constants for the reactions listed in Table 2 are obtained
from the difference in the free energies of products and reactants. The
theoretical considerations for determining equilibrium constants over the
desired temperature range are presented in Reference 1. Data for the equilib-
rium constants employed in the nonequilibrium program also are determined from
the air properties program (Reference 25) and are entered into the nonequilib-
rium program as tabulated data. It is difficult to obtain closely spaced data
for temperatures below 9000°R and stlill employ a linear interpolation on
temperature to determine intermediate values. This problem is solved by using
analytic expressions for the equilibrium constants below 9000°R., These
relationships are presented in Table 3.

It is necessary to use the equilibrium constant to determine the opposing
rate constant, since Table 2 only presents either the forward or reverse rate
constants., The opposing rate constant is obtained from the equilibrium
relationship presented in Equation (19).

Simplified Chemical Model for Cases 1,2. - To save unnecessary computa-
tion time, the basic chemical model was modified for Cases 1 and 2. An
examination of the data in Reference 31 for the expected temperatures and
densities on the stagnation streamlines indicated that no plottable ion mole-
fractions would be present at equilibrium except for the NO* 1on. Thus,
Reactions 8-11 were deleted for these two cases.
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RESULTS

The final plots are presented in Figures 15 through 113. These plots were
prepared from CRT data presentations especially programmed for this effort.
To use this special plotting routine it was also necessary to modify all
computer programs to produce, in addition to normal tabulated printouts,
punched cards with appropriate information on geometry and flow properties.
These punched cards were used to prepare the merger plots using a simple plot—
ting routine. The punched card outputs from the nonequilibrium programs were
input into the final plotting routine to produce the figures presented herein.
Equilibrium compositions and properties were also transferred to the required
punched card format and used to prepare the final equilibrium plots. Data
points are shown with a legend. All equilibrium data are presented together,
sequenced by case number and subsequenced by normal number. Equilibrium data
are given only on Normals 1, 4, 6; and 7. Nonequilibrium data plots follow
the equilibrium presentation and are identically sequenced, except that data
are given for Normals 1, 4, 6, 7, 9, 11, and 12.

The final results are displayed in two plots for each normal location
for each case, The first plot shows the variation of electron density, temp-
erature, pressure, velocity, and streamline locations as a function of distance
outward along the normal from the body surface. The second plot shows the '
variation of chemical species concentration along normals. The variations of
electron density, pressure, temperature, velocity and chemical species concen-
tration have been drawn as straight lines between computed points. Streamline
locations are indicated by short lines at the top of the first plot for each
normal. The number of data points selected for the equilibrium flow calcula-
tions was based on obtaining smooth property variations along the normals and
was not restricted to any set number as in the case of nonequilibrium flow.
The nonequilibrium data are available only at streamline-normal intersections.
Since approximately 10 streamlines were run for each case, the final variations
are not as smooth as in the equilibrium case. Also, the integrated effect of
many merger operations on the time histories along streamlines results in more
apparent noise on the nonequilibrium normal plots.

The neutral species are plotted as mole fraction (Xi) versus normal dis-
tance, and the ions are plotted as the log of the mole fraction versus normal
distance since they are present in very small but important concentrations.
In the data plots, all ion concentrations greater than 107° mole fraction are
considered to be of significance. This value was selected as a reasonable
minimum value for data presentation,

The shock layer thickness is clearly indicated on each normal plot by

the 1imit of the normal scale. The data curves originate at the body and con-
tinue through the viscous and inviscid regions of the shock layer terminating
at the shock. For all cases, it is assumed that the wall is at a temperature
of 700°K and that the local wall flow velocity is zero, consistent with the
assumptions of classical boundary layer theory. Under these conditions, the
wall is always at a condition of chemical equilibrium (i.e., no dissociation
or ionization is present) and the chemical composition corresponds to
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undissociated equilibrium air at the local pressure and temperature. In non-
equilibrium flow at the shock, the air is initially undissociated and at a
temperature corresponding to that of a mixture of gases of the same composi-
tion as free stream. The enthalpy and density levels at the shock are com-
patible with an iterative solution of the real gas shock equations, including
vibrational and electronic excitation but frozen chemistry. The conditions

at the wall and shock were used to establish the end points of the data plots.
Between the body and shock, the local properties are dependent on the fluid
dynamic conditions, and for nonequilibrium fiow the time history of the chemi-
cal reactions which occur along each streamline.

The following general result is seen by examination of the data. Case 1
is nearly frozen with a low ionization level even in equilibrium flow. Case
2 is probably the nearest to an equilibrium case due to the high velocity at
a rather low altitude (high density). Although Case 3 reaches a higher velo-
city than Case 2, the higher altitude results in greater deviation from
equilibrium chemistry. Cases 5, 6, and 7, all at approximately the same
flight velocity, exhibit progressively more deviation from equilibrium, and a
corresponding approach to a frozen chemistry throughout the flow field as the
flight altitude increases.

It is necessary to discuss next in more detail some particular problems
and features of the calculations.

Case 1 Results. - The equilibrium chemistry results were obtained in the
usual manner., It was found that on the four outermost inviscid streamlines,
no plottable electron concentrations were computed by the nonequilibrium
program. Also, no plottable ion or atom concentrations were computed. The
stagnation streamline was computed next and, despite the nearly frozen chemis-
try and simplified chemical model used for this case, it proved to require
long computation time. This difficulty is easily traced to the shuffle reac-
tion

NO +0 + 1.4ev202 + N

Because of the large mole-fraction of Oz, the net formation rate of N
becomes very sensitive to its own concentration. This "stiffness,'" referred
to in Reference 21, is a well-known problem with nonequilibrium flow programs
using an explicit integration procedure. Since this particular reaction is
vital as a link in the process of electron production, no further simplifica-
tion of the chemical model was possible. A computer run was thus made that
took approximately 30 minutes of machine time, and computed flow properties
over about 75% of the distance from the shock to,the body. The last computed
electron concentration was still only 0.499 x 106 particles/cc. An analysis
of the computer results was made by data correlation and hand calculation of
production and destruction rates of the important species N, 0O, and e=,
The chief reactions responsible for production of these species were identi-
fied and the following conclusions were reached.

1. N concentration varied linearly with particle flow time.

2. O concentration varied linearly with particle flow time.
3. e~ concentration varied as the square of particle flow time.
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Conclusion 1 is explained by a near-equilibrium concentration of N between
the two fast shuffle reactions (#4 and #5 in Table 2). The linear variation
of O atoms is merely the result of O production from forward Reaction #1.
Conclusion 3 follows directly from the linear time dependence of 0O and N
concentrations in the forward rate of Reaction #7. Based on this variation
the e~ concentration was predicted for locations nearer the wall. Despite
the large increase in particle flow time as the wall is approached, the elec-~
tron density is only predicted to reach 1.17 x 107 particles/cc at the outer
edge of the boundary layer. At this point the falling temperature, to which
the forward ionization rate is most sensitive, essentially stops production
of electrons. Between this point and the wall, two compensating effects
modify the electron concentration.

1. Flow compression at constant pressure due to the wall influence
on temperature.

2. Recombination of NO¥ + e"—"N + 0 + 2.8 ev.

The recombination rate is so low that it is negligible until the distance
from the wall is too small to plot. The plot thus shows only the effect of
compression with the final destruction of free electrons occurring too close
to the wall to be apparent. The neglected diffusion effects would, of course,
drastically alter any such distribution with a decrease in the predicted
electron concentration near the wall,

Similar hand calculations were made along a boundary layer streamline
very close to the wall. The sensitivity of O production to temperature,
combined with the drop in flow temperature along the streamline path as the
gas is carried away from the stagnation region, wgs shown to result in insuf-
ficient electrons to exceed a concentration of 10° particles/cc on Normal 4
or beyond. Accordingly, on Normals L4, 6, 7, 9, 11, and 12 for Case 1 the
equilibrium data have been used in the noneguilibrium plots since no plottable
atom, ion, or electron concentrations occur and therefore the two sets of data
are identical. No data symbols are shown to avoid confusion with streamline
data points resulting from the nonequilibrium computer program streamtube
analysis results.

Case 2 Results. — Nonequilibrium chemistry calculations along the stag--
nation streamline show a rapid approach to equilibrium composition. The re-
laxation distance behind the shock is about 0.005 ft. Since the flow aft of .
this point along the stagnation streamline will remain in equilibrium because
of the low flow velocity, the nonequilibrium solution was merged into the
equilibrium data. Note that the 0t mole~fraction did reach a peak value of
1.4 x 10-6 which is just barely plottable and substantiates the acceptability
of the use of the simplified chemical model for all other streamlines in
this case.

Cases 3 and L4 Results. - Cases 3 and /4 represent the most easily analyzed
nonequilibrium flow situations in that the boundary layer has begun to thicken
appreciably but not to the extent that it covers the entire shock layer. There
is a sufficient portion of the inviscid flow field remaining to clearly define
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inviscid nonequilibrium property trends through the shock layer. The stream-
line pattern used in the inviscid nonequilibrium analysis can be readily ob-
tained from an equilibrium flow analysis and the approach of using a classical
boundary layer analysis is still considered quite acceptable. It is also
quite easy to use the defect method of merging the boundary layer results to
the inviscid nonequilibrium results. It should be noted in the figures depic-
ting the specie variations along normals that the curves representing the ion
concentrations have not been extended beyond the innermost streamline for the
purpose of clarity. Actually, these curves end at equilibrium conditions at
the wall pressure and temperature,

Cases 5, 6, and 7 Results., = It is seen in all plotted results that the
electron concentration decreases very rapidly at the wall, except in the case
of the stagnation normals for Cases 6 and 7 an increase is found with no de-
tectable decrease. It is known, however, that the wall conditions must be in
equilibrium, that for the assumed cold wall the electron concentration is
well below 10° particles/cc. The explanation lies in the extremely low free-
stream density for these cases. The chemical reactions are so slow that only
on streamlines which pass near the stagnation point region does particle flow
time permit significant reactions to occur. The stagnation streamline behav-
ior was studied in some detail for these cases. Due to the thick boundary
layer predicted for these conditions, the matching temperature distribution
falls continuously toward the wall with the result that at some point between
the shock and the wall electron production will essentially stop. The strong
dependence of the exponential term involving temperature in the important re-
actions of the electron-producing chains essentially eliminates the production
terms., However, the point at which electron production stops is very close
to the wall. These extremely low reaction rates have kept the mole-fractions
of the species NO" and e~ at low absolute levels so that the backward rates
of Reaction 7 are very small. Thus even as the forward rate drops exponen-
tially, the near absence of a backward rate permits the e~ mole-fractions to
continue increasing. As close as it was possible to integrate to the wall for
Cases 6 and 7, no reduction could be computed in electron concentration in
particles/cc. In Case 5 (the chemistry is closer to being frozen for Cases
6 and 7) the integration accurately proceeded to X = 0.9997. The wall is lo-
cated exactly at X = 1. The electron concentration at the end of accurate
integration is about 25% below its peak value but is not dropping as fast as
expected due to the increasing density and decreasing temperature as the wall
is approached. The factor which prevents further accurate integration is a
freezing at low temperatures of the species N* and an equal mole-fraction of
free electrons (due to charge balance) due to the decrease in the forward rate
of Reaction #11. This prevents the correct limiting decrease of electron con-
centration at a low temperature and density. Additional charge exchange re-
actions would be needed to handle this problem, but the nonequilibrium com-
puter program presently will not accept a more complex model. Although these
conclusions apply to the stagnation streamlines, similar results on other
normals are evident and the identification of the drop -off in electron den-
sity at the wall is similarly difficult. The decrease in electron concentra-
tion on the innermost streamline at all downstream normals results from the
decreased production of electrons at the lower temperature quickly reached on
this streamline in the region of the stagnation point. In summary, it is seen
that the value of the peak electron density is well defined and that it is
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certain that, in the absence of diffusion effects, the electron density gra-
dient at the wall is extremely high.

Cases 8 and 9 Results. - Three nonequilibrium streamlines each were run
for both Cases 8 and 9 to determine if a plottable difference in results could
be seen for similarly located points, compared to Cases 2 and 3, respectively.
These streamlines covered the shock layer from the boundary layer to the shock.
Differences of less than 5% in all properties were computed for Case 9. For
this case then it was considered justified to assume that nonequilibrium pro-
perties were the same for Cases 3 and 9 for points located identically by
coordinates nondimensionalized to nose radius. The geometry involved in this
comparison is represented on Figure 2, which also tabulates the X-locations
of the base of normals for the two comparable cases.

For Case 8, however, plottable differences in properties were observed
for streamlines near the shock downstream of the blunt-nose. This results
from the fact that Cases 2 and 8 are in near-equilibrium flow. For these
streamlines that enter the shock downstream of the blunt nose region, the flow
velocity is high behind the weak oblique shock. Thus, after crossing the
shock on a specified outer streamline, the large property gradient which is
characteristic of near-equilibrium flow produces a significantly different
set of properties over a path length change of 5.4% required to reach the next
numbered normal location. If the gradient is large enough a plottable dif-
ference results. For Cases 3 and 9, which are not as close to equilibrium as
Cases 2 and 8, the property gradients are not large enough to result in an
appreciable difference in properties over a 5.4% change in path length. The
reason that plottable differences are not calculable on inner streamlines for
Case 8 is that these streamlines originate -at a point on the strong shock and
have such a short relaxation distance to near equilibrium properties that any
appreciable difference would occur in a very small region immediately behind
the shock., This difference is not detectable on normal plots because of the
comparatively large distance between numbered streamlines. Over most of their
path length these inner streamlines exhibit small property gradients where a
5.4% change in distance has a negligible effect. The limiting case is fully
equilibrium flow, e.g., note that the equilibrium data shown for Cases 2 and
8 and for Cases 3 and 9 are identical except for the 5. L% increase in normal
distance. Again, this is a result of the identity of flow properties on non-
dimensionally located normals. If Cases 2 and 8 were changed to a very low
altitude (&.g., sea level), then the comparison would very likely show less
change than was seen here because the flow would be even closer to equilibrium
and the thickness of the high gradient region near the shock would approach
the fully equilibrium limit of zero and hence not be detected. In summary,
no differences would be seen if the flow is in either an equilibrium or frozen
limiting condition and therefore a maximum difference occurs due to scale
change somewhere in between.

CONCLUDING REMARKS
Flow fields in chemical nonequilibrium have been evaluated for a set of

seven flight conditions for the RAM-C shape, and have been plotted by a CRT
technique utilizing punch card computer program outputs. The flight conditions
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covered nonequilibrium and near-equilibrium chemistry in the range between

a chemistry nearly frozen due to a very high altitude (Case 7) and a chemis-
try nearly frozen due to a low temperature (Case 1). Boundary layer displace-
ment thickness interaction effects were accounted for by an iterative computa-
tion while vorticity effects were taken into account by a merger of viscous
and inviscid properties. The following conclusions were reached following

examination of results:

1. Significant electron concentrations for Case 1 ( > 106 particles/cc)
were only predicted to occur near the stagnation point.

2. Case 2 exhibits nearly equilibrium electron concentrations through-
out the flow field.

3. Case 3 shows marked difference in composition from equilibrium
values, the effects being most evident in the neutral chemistry
over the conical surface. Electron density normal profiles still
appear similar to the equilibrium distributions.

4. Case L4 shows large deviations from the equilibrium chemistry
throughout the flow field. Peak electron concentrations occur
somewhat away from the wall because electron recombinations in
the cooler regions of the flow near the cold wall still are
significant. Electron density tends to decrease rapidly
toward the shock along body normals, due to limited production
of electrons on outer streamlines.

5. Cases 5, 6, and 7 show progressively an approach toward frozen
chemistry with electron production limited essentially to a
correspondingly diminishing region near the stagnation point.
Peak electron concentrations occur very near the wall on all
normals.

6. The effect of a 5.4% increase in nose radius for Cases 8 and 9
is essentially negligible. The results are almost the same
along normals located in terms of nose radius as for Cases 2 and

3, respectively.
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Table 1.- RAM~C Flight Conditions

Ambient

Ambient Ambient Nose Wall
Case | Velocity| Altitude Pressure Temperature Density Radius Temperature
Number | (ft/sec)| (ft) (1b/£t2) (°R) (slugs/ft3) | (£t) (°K)
1 8,020 | 60,000 1.5100 x 10° 389.97 2.256 x 107% | 0.500 700
2 16,780 | 20,300 | 5.768 x 10% 397.86 8.447 x 1070 | w "
3 24,750 | 149,800 | 2,862 x 10° 178.77 3.8, x 1076 | n "
b 25,130 | 250,300 4.181 x 1072 351.19 6.938 x 10~8 " .
5 25,090 | 269,800 1.434 x 1072 325,17 2.570 x 10-8 n "
6 25,090 | 299,900 2,658 x 1073 332.7L 4.653 x 10"9 " "
7 25,030 | 325,500 7.1 x 1074 373.99 1.106 x 10"9 " "
8 SAME AS CASE 2 - | 0.527 "
9 SAME AS CASE 3 " "

Y
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Table 2.~ Chemical Reactions and Rate Constants

{

No. Reaction Catalyst, M Rate Constant Expression
+
1 0, +M+5.1ev0+0+M AN, N',NO,NO K, = 2.98x 107 Tt/2 (JDK/RT)3/Z EXP(-ID,/RT)
- + 1
Dy = 211,644) N,. N} Kil s zxflm
0, o; K. = 9K
. . 1 1{A)
0, 0 K, = 25K
1 1(A)
. +
2a N,+M+9.8evi=N+N+M A, 0O, o*.oz,oz.No, No* K, ®2,207x 1010 TI/Z(JDK/RT) EXP(-JD,/RT)
2a ‘
+
(D, = 406,690) N., N K, =2.47K
X .
z 2 fra fHa(a)
+
2b N+t M+9.8evi@®N+N+M N, N K, = 3.82x10!011/2 (JDK/RT)Z EXP(-JD/RT)
(DK = 406, 690) 2b
" .
3 NO+M+ 6.5evi=N+0+M A,0,,Qf,N,, N K, = 8.35x108 T/2 (JDKIRT)Z EXP(-ID,/RT)
3
Dy = 269,744) No,Not, 0,0", N,N* K, = 20K
3 3(A)
4 N,+0+3.3evi2NO+ N K = 1.120 x 1012 EXP (-Jx1.359 x 105/RT)
4
5 NO+O+1.4evi=0, + N K, =2.842x 107 T EXP (-J x 7. 038 x 104/RT)
5
6 N, + 0, 1.9 evi=2NO + NO K, = 6.32x1023 T"2EXP (-1 x 2.31 x 10%/RT)
6
7 N p— + = _ T..1/2 S
+O£2.8 eviNO* + e K, = 7.63x10" T/ 2 EXP (-7 x1.139 x 105/RT)
7
8 N+N+5.8eviN’ + e K, =3.72x10%0 7732
2 8
- 19 .-3/2
9 0+0+6.9evi=0 +e K, =7.45x10° T
2 9
- " i 9 r1/2
— = 9.349x107 T
10 O} +0+1.6evs=20,+ 0 K
+ + _ 9 +1/2
= K, = 9.349x10°T
11 N, + N+ 1.0 eviN + N by, = 99

1. All udits are in the English systermn. The units of DK are BTU/LbMole and the units of K¢ and Kb are Ft3/LbMole-Sec.
The forward and backward rate constant expressions were taken from References |3 and 20

2.
3.

The 'A' in parentheses refers to Argon,
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Table 3.- Analytic Expressions for Equilibrium Constants Kp( j) vs. Temperature

EO
o
Heat of Reaction
o
Reaction at O K
Number Kp(j) Calories Per Mole Electron Volts
1 9.16 x 10° exp [-AEz/RT] 117, 580. 5 5.1
2 1.72x 102 T2/ % exp l—AEgl-RTl 225,939 9.8
2 1.1 o
3 1.28 x 10° T exp [—AEOIRTl 149,857.5 6.5
4 5.42 exp [-AEzIRT] 76,081. 5 3.3
5 8.2x10 2 10 1% op [-AEE/RTI 32,274, 2 1.4
6 1.71 x 10! exp |-aES/RT| 43,800, 7 1.9
7 4.20 x 10711 7/ -AE/RT 64, 554 2.8
8 3.00 x 10710 1313 o -AE]/RT 133, 719 5.8
9 2.56 x 10712 721 o op -AE?/RT 159,079, 5 6.9
10 1.12x 1070 $% 177 o -AE)/RT] 36, 888 1.6
11 8.09 x 10™% 10-863 -AEz/RT] 23,053 1

R = 1,9872 Calories deg-1 rnole-'1
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Cases 1-~7

Cases 8-9
(Without Nose)
Cap

U‘Nl

X =0
X = 1 (Cases 1-7)
X = 1.0541 (Cases 8-9)
Dimensionless Axial Coordinate of -
Base of Normal from Stagnation Axial Coordinate, X, (ft)
Normal Point, X Cases 1-7 Cases 8-9
Number D D=1 D= 1.0541
1 0] (0] 0
L 0.1475 0.1475 0.1555
6 0.4100 0.4100 0.4322
7 0.7600 0.7600 0.8011
9 2.3000 2.3000 2,424
11 3.4800 3.4800 3.6683
12 3.9800 3.9800 4.1953

Figure 2.~ Geometry and Coordinates, RAM~C Vehicle
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